Excitation and dispersed fluorescence spectra of9,9'-bianthracene in a supersonic expansion are reported. The spectra are anthracene-like, indicating that the rings are weakly coupled. Exciton effects are considered in the interpretation of the spectra. The torsional potential in S 1 is modeled as a double-well (Gaussian perturbation on a one-dimensional harmonic oscillator) with barriers to perpendicularity and planarity of -30 and -1100 cm -I, respectively. The So torsional potential shows negative anharmonicity which is modeled as a quartic perturbation. Anthracenic modes in SI and So are also assigned. Finally, measurements of SI fluorescence lifetimes up to -6000 cm -1 excess energy in the excited state show no evidence of charge transfer.
Exciton and vlbronlc effects in the spectroscopy of bianthracene in supersonic beams
Lutfur R. Khundkar (Received 1 October 1985; accepted 30 October 1985) Excitation and dispersed fluorescence spectra of9,9'-bianthracene in a supersonic expansion are reported. The spectra are anthracene-like, indicating that the rings are weakly coupled. Exciton effects are considered in the interpretation of the spectra. The torsional potential in S 1 is modeled as a double-well (Gaussian perturbation on a one-dimensional harmonic oscillator) with barriers to perpendicularity and planarity of -30 and -1100 cm -I, respectively. The So torsional potential shows negative anharmonicity which is modeled as a quartic perturbation. Anthracenic modes in SI and So are also assigned. Finally, measurements of SI fluorescence lifetimes up to -6000 cm -1 excess energy in the excited state show no evidence of charge transfer.
I. INTRODUCTION
The anthracene molecule has been the focus of much work in this laboratory using crossed picosecond lasers and supersonic beams.
1 It has served as a model compound for the study of basic photophysical phenomena-nonradiative decays, intramolecular vibrational redistribution (IVR), and the effects of coherent excitation. 2 The characterization of these phenomena in substituted anthracenes is a natural extension and should help augment our understanding of them. In particular, the role of chain length of monosubstituted anthracenes in energy randomization has been addressed 3 and the manifestation of energy transfer in a bichromophoric molecule 9- [3-( 4-N,N dimethylaniline) propyl] anthracene (ADMA) via the low frequency motions of the linker has also been detailed. 4 Another candidate for study under isolated conditions is the "double molecule" 9-9' bianthracene (BA). This molecule may be regarded as either a single molecule or as a covalently bonded dimer (end to end) of anthracene. Considered as an entity, BA provides an opportunity for the study of intramolecular torsional potentials and charge transfer. It is known from previous work on BA in solutions S and glasses 6 that the two anthryl moieties are perpendicular to each other in the ground state. In nonpolar solvents, its fluorescence is anthracene-like, implying that the two halves have little or no interaction. On the other hand, emission from BA in polar solvents is red shifted and structureless, and believed to result from relaxation to a charge transfer (CT) state. 7 The bathochromic fluorescence is inhibited in rigid polar glasses, demonstrating the strong correlation of torsional motion with electron transfer. A study of the torsional motion in the absence of intermolecular forces will be invaluable in identifying the role of the solvent in the charge transfer process and the effect of the torsion on IVR in anthracene.
In an exciton model, the two anthracene rings may be considered as nearest neighbors of a molecular crystal and BA may serve to illustrate excitation resonance interaction between the transition dipoles of the dimer, and between electronic and vibrational motions. The SI -So anthracene transition is aligned with the in-plane short axis. In BA, the two dipole moments corresponding to excitation of either anthracene ring are parallel and lie along the linking bond (see Fig. 1 ). The electronic coupling between the dipoles is invariant with respect to torsion about this bond and as a result, inferences about the potential energy surface may be drawn more readily from the spectra.
In this paper we present spectroscopic studies and picosecond lifetime measurements of bianthracene (9,9'-bianthryl) in supersonic jets. We have recorded the SI excitation spectrum from 374.4 to 345 nm and the dispersed fluorescence spectra of selected vibronic levels about the origin. These results allow us to characterize the low energy region of both the ground and excited state torsional potentials. Along this coordinate, So appears flat bottomed and SI has a This article is organized in six subsections. After discussing the preliminary issues (symmetry, selection rules notation, and normal modes), we present· the excitation spectrum and analyze the 51 torsional mode. The assignment of other 51 modes is followed by a similar analysis of the ground state. Finally, we discuss the relevance of the lifetimes measured to IVR and charge transfer.
II. EXPERIMENTAL
Excitation spectra were obtained from a pulsed jet apparatus 4 using a Nd +3_ Y AG second-harmonic pumped tunable dye laser (5 ns pulses at 15 Hz) as the optical source. The dye-laser output was frequency doubled with a KDP crystal and the phase matching angle continuously optimized by a microprocessor controlled feedback system during a frequency scan. The sample was heated to -190 ·C to attain a vapor pressure that would give rise to an appreciable signal from the weaker transitions. Optimum cooling was obtained with 50 psi He (backing pressure) expanding through a 300 J.L aperture. Ambient pressure in the expansion chamber was on the order of 10-4 Torr. The distance from the laser to the nozzle was maintained at 1.5 cm. The fluorescence signal was collected with f /1 optics, filtered through cutoff and bandpass filters, and detected with a photomultiplier tube (EMI 6256B). A second PMT was used to monitor the laser intensity. The fluorescence signal was normalized to the laser intensity using a dual channel boxcar averager (EG&G-PAR 1621164). The boxcar output was digitized by a voltage-to-frequency converter and stored on floppy disks.
Dispersed fluorescence spectra and 51 lifetime measurements were done with a continuous-jet system. 2 Backing pressures of 40 psi He were used with a nominal 100 J.L jet aperture. The chamber pressure was maintained at 10-3 Torr by a 12 in. bore ring-jet booster pump. The sample was heated to -200 ·C. The seeded beam was excited by the frequency-doubled output of an actively mode-locked Ar+ pumped cavity dumped tunable dye laser. The laser to nozzle distance was maintained at 3 mm to ensure collision-free conditions in the region of interaction. Fluorescence was collected with af /1 lens system and focused on the entrance slit of a microprocessor controlledf /6.9,0.5 m monochromator. The dispersed fluorescence was detected beyond it with a fast photomultiplier. The signal was used for single-photon counting and the data recorded on a PDP 11/23 minicomputer. For measuring lifetimes, the slits were opened to their maximum width (3000 J.L) and a 50 A slice (typically centered at 3950 A) of the total fluorescence profile was collected. The dispersed fluorescence spectra were recorded using narrowed slits (typically 100 J.L or less).
The dye laser and monochromater wavelength scales were calibrated against known Ne lines observed in a Fe-Ne discharge lamp (see Ref. 4 for further details). The vibrational modes observed in the excitation spectra are reported to an accuracy of -1 cm -I. Assignments from the dispersed fluorescence spectra are reported to an accuracy of -5 cm -I. No vacuum corrections have been made. The relative intensities in the resolved fluorescence spectra have not been corrected for the spectral response of the PMT.
The fluorescence decay curves were fit to single exponentials and the quality of the fits were uniformly excellent as judged by the reduced r values.
BA was synthesized by the procedure described by many authors. s Briefly, 9-10 anthraquinone (Aldrich) was suspended in glacial acetic acid. A 2: 1 mixture of tin and zinc dust (Matheson) by weight was added to the suspension, and the mixture heated under strong reflux while concentrated HCI was added dropwise. Once the reaction was complete, the mixture was cooled and the crystals separated by filtration. These were recrystallized first from toluene, and then from acetic anhydride. Recrystallization from pyridine gave a second compound which was not easily removed by subsequent recrystallization from other solvents. Further purification was achieved by repeated crystallization from chloroform. The melting point of the final product (pale yellow) was 312-313 ·C (uncalibrated). The purity was corroborated by GC which indicated ;;>98% pure component.
The mass spectrum showed a parent peak at 354 m/e. An elemental analysis was also consistent with a molecular formula C 2s H ls '
III. RESULTS AND DISCUSSION
A. Preliminaries
Symmetries, .e/ectlon rules, and notation
In the past we have employed the Pariser 9 axis system for anthracene 2 in which z is the anthracene out-of-plane axis, y is the short in-plane axis, and x is the long in-plane axis. The two anthracene halves ofBA are mutually perpendicular in the ground electronic state, and the anthracene short axis is a unique C 2 rotation axis, conventionally designated z. The two other rotation axes for BA bisect the angle between the planes of each ring (Fig. 1) . The correlation between the two molecular symmetry groupslO must take into account local perturbations (site symmetry) II and is detailed in Table I . We shall use our previous notation for anthracene and D2d symmetry representations for BA, with due attention to the different axis systems. In anthracene, TABLE I. Correlation table for electronic states. D2h (P) is for D2h in Pariser notation where the short in-plane axis is the y axis. D2h (M) is for D2h in Mulliken notation where that axis is the z axis. In both C 2 • and Du. the unique (z) rotation axis contains the 9.9'C-C bond.
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the transition dipole moment for SI +-So lies along the y axis and corresponds to the 1 B 2;; +-lA g-(17'17'*) transition.
• 9
In BA, the 1 B 2;; state for each anthryl moiety splits into B2 and Al components (D 2d ) , the latter of which is optically disallowed from So (vide infra).
Assuming that in its equilibrium geometry the two anthracenic halves ofBA have the lA g-geometry of anthracene, the inertia tensor can be easily diagona1ized. The algebra may be avoided by invoking symmetry arguments. In either D2 or D2d the three mutually perpendicular C 2 rotation axes are the three principle axes of the molecule (Fig. 1) . For any dihedral angle 2(} the three principle moments of inertia 12 as functions of the twist angle are In the perpendicular configuration «() = 45°), BA is an accidental symmetric (prolate) top with rotational constants A = 231 andB = C= 163 MHz.
AnthfllCtlflIc mDdfls
We separate the treatment of normal modes into those derived from motions of the rings (anthracenic) and may therefore be correlated with anthracene normal modes and those resulting from the relative motion of the two ring sys- 3. Internal mod ..
The 9,9' C-C bond in BA gives rise to six vibrations that are unique to the molecule. The origin of these motions lies 2. Aa/gnment of thII to"""", mtHltlln S.
The recorded excitation spectrum (26680-26800 cm -1) shown in Fig. 3 (a) shows a remarkable symmetry in the band spacings and intensity profile. This region was ex- amined under different excitation conditions, varying pressure and carrier gases to exclude hot bands and complex bands. Using N 2 , Ne, or Ar in the expansions, we have 0b-served the presence of clusters at pressures large enough to guarantee satisfactory cooling. The optimum choice was He in agreement with results for ADMA.4 The five most prominent bands appear in all recorded spectra and are assigned to excitation from a vibrationless BA molecule. We therefore assign the first weak. band that can be positively identified with a "cold" transition as the og of BA (see later discussion).
The most striking aspect of this spectrum is the symmetry in the band spacing and intensity profile. The difference in energy between consecutive bands exhibits a well-defined minimum as a function of vibrational energy. Such behavior is characteristic of linear-bent transitions 16 and implies the existence of a double minimum in the excited state potential energy surface. The height of the local maximum which separates the two minima generally corresponds to the smallest value of the energy difference between consecutive even (or odd) vibrational states. 16 With the assignment of the og as given above, this height must be ,.., 30 cm -1. It is important to note that the proper selection rule is av = ± 2n where n is zero or a positive integer. This is a consequence of the fact that the parity operator for reflection in the torsional coordinate about the ground-state equilibrium position is the parity operator for the excited state potential as well. Thus only wave functions having the same eigenvalue (i.e., + 1 or -1) can have nonvanishing FC overlapY With this in mind, the assignments of the observed bands are made as in Table IV Table V . The potential is shown in Fig. 4 . Assuming the ground-state potential described below, we obtain FC factors for the torsional progression in S 1 by numerical integration of the product of the generated wave functions. The excellent agreement between predicted and observed intensities (Fig. 3) for these bands lends strong support to the assignment of this progression.
The potential parameters allow one to calculate the SI equilibrium torsional angle as 78°, and the small barrier to perpendicularity as 38 em -I. 22 The fundamental frequency of 12.3 cm-I corresponds to a barrier to planarity of 1100 cm -1 in the excited state. This barrier to planarity is lower than what may be intuitive. Severe repulsive forces will be encountered in forcing the 1,8 and 1',8' H atoms into the same region of space. The core repulsion will be accommodated by distortions of the molecular framework which may account for such a low value.
The observation of a small barrier at a = 90" is consistent with ppps and force-field calculations.
7 Our value for the equilibrium torsional displacement is in excellent agreement with their calculated values of 78° and -7(1', respectively. The origin of this barrier may be traced to configuration interaction between the exciton states and the energetically higher charge-resonance states. In more physical terms, the barrier to perpendicularity is a manifestation of the balance between charge-resonance (CR) interactions and nonbonded repulsions. As the two parts twist toward a planar geometry, the overlap of 1T orbitals increases and the CR increases, leading to a lowering of the electronic energy. The same motion brings the four H atoms closer together and the sterlc repulsion destabilizes the state. The common model for a torsional potential is a truncated sum of cosines with periodicities dictated by the symmetry of the problem. The double-well potential may also be modeled as 18 ,23 Vtonion= L VN (1-cosN(J) . N=2.4 Other approaches to this problem in the context of inversion or quasilinear transitions have used Gaussian barriers or higher order polynomials. We have chosen to use a Gaussian perturbation because this allows us to vary the curvature of the potential in the region of interest (i.e., where the observed bands are) without increasing the number of parameters in the fit.
Another more insidious problem involves the assignment of the og transition. Suppose the assigned transition is in reality the ro" one (the others will be ro"'+2", etc.). The trend in the intensity distribution indicates that the ro" -2 band may be too weak to be observed. There are a few weak transitions to the red of 3733.5 A, but none can be clearly identified as being derived from the vibrationless level in So.
Under slightly warmer excitation conditions, this region of 1308 L. R. Khundkar and A. H. Zewall: Spectroscopy of bianthracene the spectrum is swamped by transitions from vibrationally excited BA, but the possibility of there being other cold transitions obscured by these bands cannot be ruled out. We have also carried out similar calculations assuming that the first line in our spectrum was the 1"~ transition. The potential obtained in this case reproduces the excitation spectrum equally well. The barrier at 9<r is 76 cm -I, and the equilibrium torsional angle is 75°. The new fundamental frequency is 14.3 cm-I, corresponding to a barrier to planarity of 1400 em-I. Yamasaki et 01. have very recently communicated their preliminary results from a similar spectroscopic study of BA.24 A comparison of our spectra with theirs shows our expansion conditions afford significantly better vibrational cooling; many of the weak features in their spectra are due to hot bands. The differences between the model potentials can be explained by the choice of the true <fa transition. Yamasaki et 01. estimate a value of 26 686 cm -I and we assign an experimentally observed band as the origin, with some qualification. The intensity profile about the origin suggests that the direct observation oftheS I origin will be next to impossible if 26 686 cm -I is the true <fa .
AlI8Ign""",t of other Sf modes
We attempt to assign observed bands in the excitation spectrum by comparison with published spectra of anthracenes. 2 . 3 Figure 2 shows very few bands with significant intensity. The two sets of bands at 315 and 394 cm-I show intensity and interval patterns identical to the origin region. The assignment of these bands are therefore readily made. The first overtone of the 394 cm -I fundamental is observed at 786 cm -I and the relative intensities follow a regular FC pattern.
Above 1100 cm -I the spectrum shows evidence of congestion. None of the discernible bands exhibit the ~ pattern, but appear to be two or more such patterns overlapped. Assuming that the vibrational substructure of these bands do in fact follow the intensity distribution seen near the origin, the peak of each of them should be assigned as a combination of some transition and 1"~. Using this argument, we identify most of the fundamentals in BA that correspond to a g fundamentals in anthracene SI'
Comp#ll'/MJn with other systems
The free-jet spectroscopy of a similar bonded dimer 1,l'binaphthyl (BN) has been reported by Jonkman and Wiersma. 2s The SI eL b ) state in naphthalene is long axis polarized. The site symmetry group of the dimer C 2 and both exciton states are observed. In BN, torsion about the 1,1' bond results in a change in the excitation exchange interaction, which has been measured as -60 em-I. Vibronic mixing between SI and the more strongly allowedS 2 eLa ) states is thought to induce intensity in the exciton states.
The spectroscopy ofBA is simpler. The exciton interaction is independent of torsion and there are no low-lying states with large Qscillator strength to participate in vibronic mixing. S We cannot identify the origin of the forbidden exciton state, but we are able to assign the anthracene-like spectra assuming only one optically active exciton state.
Low frequency fundamentals showing long progressions in optical transitions have been observed in the spectra of aryl substituted aromatics such as ADMA,4 B~5, biphenyl,26 and 9-phenylanthracene. 23 In all cases except the first, the progression has been attributed to transitions between single-well and double-minimum potentials along the torsional coordinate in different surfaces. This is quite similar to the analysis presented here. The dispersed ftuorescence spectra obtained on excitation to the various bands in the origin region are shown in Fig. 5 and bands with significant intensity are listed in Table  VI with their tentative assignments. Prominent features in these spectra are (1) a long progression in the torsional mode, (2) bands closely corresponding to anthracene So vibrations observed in og ftuorescence in anthracene, and (3) progressions of combinations of the torsional mode with the anthracenic fundamentals.
t. AU/lin",.,,' of the s., tortllons/ mode
The progression of bands in the ftuorescence spectrum shows negative anharmonicity, implying that the So potential is fiat-bottomed with steep sides. This is consistent with calculated potentials. Symmetry arguments preclude all odd powers of S in the potential. In a first approximation, the problem may be treated as a quartic perturbation on a har- for the energy identified with the quantum number of the unperturbed problem. A Birg~pOner fit gives a value of 0.21 cm-1 for the anharmonic correction and 13.5 cm-1 for the fundamental frequency. The potential energy as a function of the twist angle is shown in Fig. 4 . The assignment of the torsional progression is based on the av = ± 2n selection rule described earlier.
We have calculated FC factors for each of the ftuorescence spectra shown in Fig. 5 
Aalgn",."t of otMr So modes
Since the 1"~ is the strongest line in the excitation spectrum, we expect it to show fluorescence very similar to a typically 0 0 spectrum. In particular, n = 0 will have the largest overlap for transitions from 1"4 to combinations of the type am 1" n (a is any normal mode) and the torsional progression will be the shortest. We have used this criteria and the known values of 8 0 monomer vibrations 2 to assign BA fundamentals. Subsequently, the assignments of the other spectra were made by assuming that the combinations observed involve the same 1" n as seen in the progression of the pure torsion.
The 400, 1170, 1265, and 1574 cm -1 modes are assigned with confidence. The bands at 1378 and 1435 em-I are assigned by correspondence with 8 1 modes. The differences in frequencies of these modes in 8 1 and 8 0 are smaller than in anthracene. The mode corresponding to VIO in anthracene appears to be strongly mixed with the higher torsional quanta of V 1 2' This is indicated by the change in the torsional band spacings from -30 cm -1 near the origin to -45 cm -1 in the set (594,636,682,725,770, and 810) . The intensity profile across this set changes in a regular manner as the quantum number of the initially excited state changes from 2 through 8.
D. SVL ftuorescencellfetlmes, IVR, and charge transfer
The fluorescence decay rates following single vibronic level (SVL) excitation in BA have been recorded and the data plotted in Fig. 7 . Two basic types of behavior have been identified. At low energy, the rates increase with energy, although this dependence is irregular for certain modes, particularly within the low frequency progression about the og.
At higher energies, the rates become nearly constant with vibrational energy (saturation effect) and do not exhibit mode selectivity. The saturation lifetime is about 7 ns and occurs at a threshold energy of about 300 cm -1.
In an earlier paper,3 we investigated this saturation behavior in a series of anthracene derivatives, arriving at the following set of data for the saturation lifetime and threshold energy; anthracene (6 ns, 1800 cm -1), 9-methylanthracene (9 ns, 1000 cml ), 9-hexylanthracene (10 ns, 400 cm-
and ADMA (10 ns, 400 cm -1). The saturation effect in the fluorescence lifetimes is indicative of a nonradiative decay channel with a small electronic energy gap.2,28 In anthracene and its derivatives, this presumably involves intersystem crossing (lSC) from 8 1 to near lying triplet levels. 2 As discussed elsewhere, the threshold energy for rate saturation correlates with increased IVR. Charge transfer in an isolated molecule is manifested by broadened, red-shifted fluorescence and can be monitored by time-resolved measurements of resonance or CT fluorescence. The formation of a stable charge-transfer complex will be observable as a new channel for nonradiative decay.4
The rates vs excess energy show no evidence of such a channel up to -6000 cml in 8 1 , This indicates that CT is induced by solvent interactions as suggested by Rettig and Zander. 7 This is not surprising since direct orbital overlap is small in BA and the symmetry of the molecule dictates that the driving force is small.
IV. CONCLUSIONS
Our beam results and analysis show that the 8 1 torsional potential has a barrier to perpendicularity of _ 38 cm -1. The torsional frequency is 12.3 cml and the equilibrium torsional angle is 78°. This is a minimum value of the twist from the perpendicular geometry. With a different choice of the assignment of the og, the barrier at () = 90" and the fundamental frequency will increase and the equilibrium geometry will deviate more from the perpendicular. The ground state potential along this coordinate has a flattened bottom and exhibits negative anharmonicity (0.21 cm -1) but no barrier at 90". Thus the ground state equilibrium geometry is perpendicular. The torsional frequency is 13.5 cm -1, corresponding to a barrier to planarity of -1500 cm -1.
We have identified most of the a g modes of anthracene in the So and SI manifolds of BA. There is a close resemblance of the results shown here to anthracene excitation and fluorescence spectra and this behavior is indicative of small interaction between the two anthracene rings. Experimental results from similar studies in nonpolar environments have indicated the same conclusion.
No charge transfer fluorescence emission is observed in the isolated molecule independent of the excess energy in SI' unlike the results in ADMA. This is taken to verify that charge transfer can occur only with solvent stabilization.
